Copper oxide thin films were synthesized by reactive radio frequency magnetron sputtering at different oxygen gas ratios. The chemical and physical properties of the thin films were investigated by X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), atomic force microscopy (AFM), and X-ray diffraction (XRD). XPS results revealed that the dominant oxidation states of Cu were Cu 0 and Cu + at 0% oxygen ratio. When the oxygen ratios increased above 5%, Cu was oxidized as CuO as detected by X-ray induced Auger electron spectroscopy and the Cu(OH) 2 phase was confirmed independent of the oxygen ratio. The valence band maxima were 1.19 ± 0.09 eV and an increase in the density of states was confirmed after formation of CuO. The thickness and roughness of copper oxide thin films decreased with increasing oxygen ratio. The crystallinity of the copper oxide films changed from cubic Cu through cubic Cu 2 O to monoclinic CuO with mean crystallite sizes of 8.8 nm (Cu) and 16.9 nm (CuO) at the 10% oxygen ratio level.
Introduction
Copper films have attracted attention for replacing Albased interconnects and for ultra-large scale integration devices due to their low electrical resistance, high stability against void formation, and excellent electromigration properties. [1] [2] [3] [4] The reliability of Cu interconnects is an important factor that determines the longevity of microelectronic devices, which is complicated by the fact that the native oxide layer on Cu surfaces is not self-protective and Cu oxidizes continuously in air even at room temperature.
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Therefore it is very important to understand the oxidation behavior of Cu films. Here we focus on spectroscopic and morphological analysis of Cu and Cu-oxide films to better understand surface oxidation phenomena.
Several methods have been used to prepare Cu oxide thin films, including thermal oxidation, 6 chemical conversion, 7 chemical brightening, 8 spraying, 9 plasma evaporation, 10 and reactive sputtering. 11 Many investigations have used magnetron sputtering for preparation of Cu films 12, 13 as well. In this research, reactive radio frequency (RF) magnetron sputtering was used to prepare Cu and Cu oxide films with various oxygen ratios in the sputtering gas. For better understanding of surface oxidation, the chemical and physical properties of the deposited thin films were examined by Xray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), X-ray diffraction (XRD), and atomic force microscopy (AFM).
Experimental Section
The thin films were prepared on p-type Si(100) wafers at room temperature using reactive radio frequency (RF, 13.56 MHz) magnetron sputtering. Various oxygen ratios in the sputtering gas were used to examine the effect on the surface oxidation of Cu. The Si substrate was mounted on the sample holder above the Cu metal target after following a known cleaning process to remove the native oxide layer.
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The base pressure of the deposition chamber was kept at 5.0 × 10 −7 Torr, and the working pressure was maintained at 48 ± 1 mTorr. During RF sputtering the total gas flow rate was kept at 20 sccm with varying Ar:O 2 ratios.
The chemical nature of the films was examined by XPS (VG MultiLab 2000, UK). The energy analyzer of the XPS system is a concentric hemispherical analyzer (CHA). The base pressure in the analysis chamber was maintained lower than 1 × 10 −10 Torr and a monochromatic Al Kα (1486.6 eV) X-ray source was used (225 W; filament current 4.2 A). The parameters for survey scans were: pass energy 50 eV; dwell time 50 ms; and energy step 0.5 eV in constant analyzer energy (CAE) mode. High resolution XP spectra were obtained at a pass energy of 20 eV, an energy step of 0.05 eV, and other parameters the same as for survey scans. High resolution XPS data were deconvoluted using XPSPEAK software (version 4.1).
The morphology and surface roughness was checked with SEM (HITACHI, S-2400, Japan) and AFM (Veeco Multimode Digital Instruments Nanoscope III system, USA). The roughness of the films was measured as root mean square (rms) values. XRD (PHILIPS, X'Pert-MPD System, Netherlands) experiments were performed for phase identification with the diffraction patterns collected with Cu Kα (0.154056 nm) radiation in glancing mode with a step size of 0.02 degree.
Results and Discussion
Spectroscopic Analysis. The chemical states of the films were examined with XPS. Figure 1 (a) shows high resolution Cu 2p doublet XP spectra from films obtained at different O 2 ratios. The samples are denoted such that, for example, Cu-O 2 -60 represents films obtained using 60% O 2 in the sputtering gas. Charging effects in all the XP spectra were corrected with reference to adventitious C 1s at 284.6 eV. 15 When the O 2 ratio was 0%, sharp Cu 2p 3/2 and 2p 1/2 doublet peaks were observed at 932.8 and 952.6 eV, respectively, with spin-orbit splitting (SOS) of 19.8 eV, small shoulder peaks near 935 and 955 eV, and satellite peaks 9 eV above the main features. 16 The main sharp Cu 2p peak indicates that the formation of metallic Cu (Cu When the oxygen ratio increased to 5%, the main Cu 2p 3/2 feature shifted to 934.0 from 932.8 eV and no apparent change was detected with further increases of oxygen. This would indicate that the oxidation of Cu, at the surface of the films, was fully established at the lowest level of O 2 content in the sputtering gas used in this study. In order to get more detailed information of the oxidation state of Cu, the Cu 2p 3/2 binding energy regions were deconvoluted as shown in Figures 1(b) and (c), respectively. Three components were assigned as metallic Cu (Cu 0 /Cu + ), CuO, and Cu(OH) 2 at 932.7, 933.5, and 934.7 eV, respectively. 6,7 Metallic Cu (and/ or Cu + ) was dominant in Cu-O 2 -0 film. As the O 2 ratio increased, the oxidation state of Cu changed from metallic to divalent. The content of Cu as CuO in the surface regions of the films increased from 7 to 43% when oxygen was added, whereas the portion of copper associated with Cu(OH) 2 was almost constant at 40% for all samples. Figure 3 shows high resolution XP spectra of the O 1s binding energy region. These data are consistent with those of Figure 1 and verify that Cu was oxidized by the 5% O 2 content. The representative O 1s XP spectra of Cu-O 2 -0 and Cu-O 2 -10 were deconvoluted as shown in Figures 3(b) and (c), respectively. There were three oxygen components namely O-Cu, HO-Cu, and oxygen on the surface (O-surf) at 529.1, 530.6, and 531.5 eV, respectively. Metallic Cu could attract more oxygen to the surface of the films, leading to the larger concentration of surface oxygen on Cu-O 2 -0 than on Cu-O 2 -10 films.
We also investigated the valence band region of these films with XPS. In Cu-O 2 -0, only Cu 3d was detectable in this region centered at 3 eV below the Fermi level, as shown in Figure 4 . The asymmetric factor of Cu 3d in Cu-O 2 -0 is smaller than others. This phenomenon might be caused because of the incorporation of O 2p as oxygen ratio increased. As the oxygen ratio increased, the O 2p peak at ca 5 eV evolved by hybridization with Cu 3d. These values are 4.5, and ~6 eV below the Fermi level [23] . The increase of the partial density of state at 5 eV indicates Cu was oxidized. 24 A hydroxyl peak increases in the 8-13 eV region with increasing oxygen ratio as well. Morphological Investigation. Representative sectional views of SEM images of Cu oxide thin films obtained by RF sputtering are shown in Figure 5 . The film thickness depicted in the figure was determined using the Motic Images Plus 2.0 ML program. The Cu-O 2 -0 film grew columnar in shape with column diameters ca 88 nm and film thickness ca 700 nm. As the ratio of O 2 increased during sputtering, the film thickness decreased to about 170 nm. The amount of Ar controls the sputter yield and that of oxygen varies the reactivity on the surface. The sputtering yield was decreased and reactivity was increased, as the percentage of the O 2 in the sputter gas was increased. Therefore, the films grown with higher oxygen concentrations differ from Cu-O 2 -0 in that they are thinner and have a different crystal growth morphology shown in Figure 5 .
The crystallinity of the films was verified with XRD shown in Figure 6 . The phase changed from metallic simple cubic Cu(111) through simple cubic Cu 2 O to monoclinic CuO(111) and (002) 26,27 with increasing O 2 ratio in the sputtering gas. The metallic Cu was gradually oxidized to CuO in an oxygenated environment. The crystallite sizes of c-Cu(111) in Cu-O 2 -0 and m-CuO(002) in Cu-O 2 -10 were determined using Scherrer's equation, 28 D = (Kλ)/(Bcosθ), where D, K, λ, θ, and B are the mean crystallite size, the Scherrer's constant (0.9), the X-ray wavelength, Bragg diffraction angle, and full width at half maxima (FWHM) of the diffraction peaks, respectively. The mean crystallite sizes of the c-Cu(111) in Cu-O 2 -0 and m-CuO(002) in Cu-O 2 -10 were found to be 8.8 and 16.9 nm, respectively.
Finally, the morphology and roughness of the films were analyzed with AFM. Representative 3-D AFM images are shown in Figure 7 . When the oxygen ratio increased, the roughness of the copper oxide thin film decreased. 29 The roughness of Cu-O2-0 was 5.29 nm which reduced to 2.43 ± 0.39 nm by oxide formation. The RMS roughness of the films is shown in Figure 8 . The Cu-O 2 -0 surfaces were rough as the films grew in columnar shape ( Figure 5 ). Oxygen introduction during RF deposition led to relatively smooth surfaces. The low crystallinity of the oxidized films evidenced by the weak diffraction features of Figure 6 indicate predominantly amorphous growth mechanism resulting in smoother surfaces.
The findings described in this study point to the possibility of tailoring chemically and physically different copper oxide thin films by controlling oxygen ratios during sputtering. Most importantly, these results indicate that further investigations of films produced in very dilute oxygen environments are needed for obtaining fine control over the formation of cuprous (Cu fine control that will enable the preparation of thin films with properties optimized for various applications such as photocatalytic hydrogen production and organic and/or inorganic photovoltaic solar cells.
Conclusions
Copper oxide thin films on p-type Si(100) were successfully prepared by reactive RF magnetron sputtering. Chemical investigation of the resulting films was performed by XPS and the oxidation states of Cu was confirmed by XAES. Analysis revealed metallic Cu and Cu2O were formed in Cu-O 2 -0 and that the other films were mainly in the CuO phase. In Cu 2p XP spectra, Cu(OH) 2 was also detected in relative amounts that were insensitive to additional oxygen content in the sputtering gas. The values of valence band maxima were almost constant, but the density of states increased after the oxygen was introduced. The thickness and roughness of the films decreased with increasing oxygen ratios. The phase transformation from cubic Cu and Cu 2 O to monoclinic CuO was confirmed by XRD and crystallite sizes increased with higher oxygen ratios. 
